ABSTRACT A new locus (fadL) that is required for the utilization of long-chain fatty acids has been mapped and partially characterized in an Escherichia coli mutant. The fadL locus has been mapped at 50 min on the chromosome. A mutant bearing a defect in this locus cannot utilize long-chain fatty acids as a sole carbon source. Derivatives of this mutant that can grow on decanoate (termed fadR) are capable of growth on medium-chain but not long-chain fatty acids. It is believed that the fadL mutant is defective in the transport of long-chain fatty acids into the cell for the following reasons: (i) fadR fadL strains can oxidize in vivo decanoate but not oleate; (ii) neither fadL nor fadR fadL strains can incorporate oleate into their membrane lipids; (iii) the activity of the acyl-CoA synthetase (EC 6.2.1.3) in fadR fadL strains is comparable to the acyl-CoA synthetase activity in fadR fadL+ strains; and (iv) in vitro extracts from fadR fadL strains can oxidize oleate at rates comparable to those from fadR fadL+ strains. If the above hypothesis is correct, the uptake of long-chain fatty acids by E coli requires at least two gene products. Wild-type Escherichia coli K-12 can grow in media containing long-chain fatty acids as a sole carbon source (1, 2) . The synthesis of at least five enzymes involved in fatty acid degradation (fad) are coordinately induced when this organism is grown in media containing the long-chain fatty acids (1) . The structural genes that code for these fad enzymes are located at a minimum of three separate sites on the E. coli chromosome. Mutants that harbor a defect in one of these structural genes, thefadD gene, lack acyl-CoA synthetase [acid:CoA ligase (AMP-forming), EC 6.2. 1.3] and cannot be induced to synthesize the other fad enzymes (1) . These results led Overath and coworkers (1) to suggest that acyl-CoAs induce the synthesis of the fad enzymes.
Fatty acids with a chain length of Cu or less can serve as a substrate for the fad enzymes but cannot induce the synthesis of the fad enzymes (1, 2) . Therefore, only fatty acids longer than C, can be used as a sole carbon source by the wild type (1, 2).
Spontaneous mutants that are constitutive for the synthesis of the fad enzymes can be isolated by plating the wild type on decanoate (1, 2) . The genotype of these spontaneous decanoate-growing mutants has been referred to as fadR. Klein et al. (2) have shown that the double mutant fadR fadD synthesizes all of the fad enzymes except acyl-CoA synthetase. This mutant cannot utilize fatty acids of any chain length as a carbon source (2) . In addition, the fadR fadD strain is unable to accumulate exogenous fatty acids into its cytosol or incorporate exogenous fatty acids into its phospholipids (2) . These results led Klein et al. (2) to suggest that acyl-CoA synthetase is required for the transport of exogenous fatty acids into E. coli. Hill and Angelmaier (3) reported afadD + strain that was un-
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (6) . Strain K-19 has an apparent lesion in an electron transport flavoprotein for acyl-CoA dehydrogenase (2) .
Bacteria were routinely incubated in a New Brunswick gyratory water bath-shaker at 37°. The bacteria were usually cultured in standard medium consisting of medium E (7) supplemented with Brij 58 (4 mg/ml). Carbon sources were sterilized separately and added to the culture medium prior to inoculation. Acetate and glucose were provided at 0.4% in the growth medium. Fatty acids were suspended in 10% Brij 58, neutralized with KOH, sterilized, and added at the following concentrations: butyrate, 14 at 0.05%. Cell growth was monitored at 540 nm in a KlettSummerson colorimeter.
Assay of #-Oxidation. In vivo fatty acid oxidation was assayed by determining the amount of 14CO2 formed from 1-"4C-labeled fatty acids as described (8, 9) . In vitro fatty acid oxidation was assayed as described by Weeks et al. (9) . Acyl-CoA Synthetase Assay and Protein Determination. Cell extracts were prepared as described by Gelman and Cronan (10) . Protein concentrations were determined by a microbiuret procedure (11) . Acyl-CoA synthetase was assayed in the presence of hydroxylamine as described by Kornberg and Pricer (12) and modified by Overath et al. (1) .
Genetics. The procedures for bacterial conjugation, phage P1 transduction, and mutant selection were as described by Miller (13) and Cronan and coworkers (14) . could not incorporate oleate into their phospholipids (Table 4) . These results led us to suspect that the first enzyme in fatty acid degradation, the acyl-CoA synthetase, might be defective in Fig. 1 shows the origins and directions of chromosome transfer of five Hfr strains (KL14, KL16, KL983, KL96, and PK191) used to determine the approximate location of the fadL locus by the method of Low (5) . Phenocopy cultures of E15 strR were obtained by starvation of logarithmic-phase cells in medium E for 5 hr at 370 (13) . The fadL + strR recombinant colonies were selected on minimal agar. These recombinants were formed only in matings with Hfr strains KL16, KL983, and PKl91, implying that the fadL gene was located between min 47 and 52 on the genetic map (5, 15) .
A cross between strains'E-15 (Hfr, purF +, fadL, his +, strs) and AT2535 (F-, purF, fadL +, his-, strR) revealed that 85% of the purF+ strR recombinants werefadL and 27% of the his + strR recombinants were fadL. These results suggested that the fadL locus is close to the purF locus at min 50 on the genetic map (15) .
Transductional Mapping of the fadL Locus. The results from the conjugation experiments led us to test for cotransduction of fadL with various loci in the region of 50 min. Phage P1 stocks grown on strain E-15 were used to transduce to prototrophy strains carrying mutations in the purF, aroC, and dsdA loci. Table 6 shows that 45% of the aroC+ recombinants were also fadL (cross no. 3) and 31% of the dsdA + recombinants were fadL (cross no. 4). The purF locus was about 23% cotransducible with the fadL locus (crosses no. 1 and 2). When a P1 stock from a purF + fadL + strain was used to transduce strain WN50 (purF fadL) to either purF + or fadL +, about (5) . The values at the bottom are phage P1 cotransduction frequencies from Table 7 , with arrowheads indicating selected markers. This enlarged portion of the map is not drawn to scale.
24% of the purF + recombinants were also fadL + and approximately 19% of the fadL + recombinants were purF+ (crosses no. 6 and 7). Table 6 also shows that the his gene does not cotransduce with the fadL locus (cross no. 5). The latter finding was expected because the his gene maps at min 44 on the linkage map (15) .
Orientation of the fadL Gene with Respect to the purF, aroC, and dsdA Loci. The known order for the above three loci is purF aroC dsdA (16) . To order the fadL locus with respect to these loci, we used phage P1 stocks grown on thefadL strain E-15 to transduce the purF, aroC, dsdA strain AB2557 to either purF + or aroC + and scored the unselected markers ( Table 7) . The data in Table 7 suggest that the fadL locus lies between aroC and dsdA.
The latter conclusion was drawn from an analysis of the data from three factor crosses which yielded information on the orientation of: (i) purF with respect to aroC and fadL; (ii) aroC with respect to purF and fadL; and (iii) aroC with respect to dsdA and fadL. Among the purF + recombinants, the rarest class was aroC fadL (Table 7) , which would arise by a quadruple crossover. This finding is consistent with the clockwise (15) . Although the exact nature of the fadL mutation is unknown, the observations described here suggest that the fadL mutant is defective in its ability to transport long-chain fatty acids into the cell. In support of the latter conclusion, we have recently found that: (i) fadR fadL strains can transport medium-chain but not long-chain fatty acids; and (ii) the activities of the five key fad enzymes [acylCoA synthetase (Table 4) , acyl-CoA dehydrogenase, enoyl-CoA hydratase, ,B-hydroxyacyl-CoA dehydrogenase, and thiolase] in fadR fadL strains are comparable to those in fadR fadL + strains. These results (unpublished data) also suggest that the activity of thefadL gene product is the rate-limiting step during growth of E. coli on long-chain fatty acids.
Our studies with a mutant isolated by Hill and Angelmaier (3) confirm and extend their belief that another genetic locus, besides the fadD locus, is required for the transport of oleic acids in E. coli. We have found that their mutant, old 3008, has a defect in the fadL locus.
The fadL strains are novel because they are the only known fad mutants from which spontaneous constitutive (fadR) progeny can be derived by plating on medium containing de- canoate as the sole carbon source. This unique charace;istic has enabled us to screen a large number of fad mutants for the specific isolation of those carrying the fadL lesion. Several of these fadL mutants can grow on long-chain fatty acids at 300 but not as 420 (unpublished data). These preliminary findings suggest that the fadL gene may be the structural gene for a protein that facilitates the entry of long-chain fatty acids through the cytoplasmic membrane.
